Purpose: To investigate structural brain changes and their relationship with cognitive function by determining the alterations of white matter integrity and changes in hippocampal volume that occur during chronic obstructive pulmonary disease (COPD). Materials and Methods: Diffusion tensor images and 3D-T1 MR images were acquired in 13 male nonhypoxemic COPD patients and 13 age-and gender-matched healthy controls. Global probabilistic tractography was used to assess a total of 18 major tracts. We examined the association between the hippocampal volume and diffusivity parameters of white matter tracts. Results: A significant difference in diffusion parameters between groups was identified for 11 white matter bundles (p < 0.05). No association was demonstrated between the normalized hippocampus volume and diffusion parameters among the participants. Significant associations between Korean version of the Mini-Mental State Examination (K-MMSE) scores and diffusivities were found for six tracts (p < 0.05). Of note, the mean diffusivity (MD) and redial diffusivity (RD) of the left superior longitudinal fasciculus parietal segment showed a significant negative correlation with the K-MMSE score (MD: r = -0.623, p = 0.001; RD: r = -0.408, p = 0.048). This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity and mortality, and it is considered a multisystemic disease that includes brain pathology (1, 2). Hypoxemia resulting from irreversible airflow limitation and neuronal damage caused by systemic inflammation leads to structural brain damage (3) . Many studies have investigated structural brain damage or dysfunction in COPD patients. Several studies have suggested regional structural brain changes in COPD patients (4, jksronline.org J Korean Soc Radiol 2017;77(3):148-156 5) . Dodd et al. (4) reported that white matter integrity is reduced in COPD patients, which is independent of smoking and cerebrovascular comorbidity, but the mechanisms remain unclear.
Magnetic resonance imaging (MRI) has been used for the evaluation of structural brain changes. While providing anatomical information on the brain, conventional MRI techniques have limitations in spatial resolution and contrast that do not allow demonstration of microstructural damage (6) . Diffusion tensor imaging (DTI) enables visualization and characterization of white matter bundles through diffusion MRI measurements (7, 8) . DTI parameters include fractional anisotropy (FA), which provides a measure of tissue structural integrity, and mean diffusivity (MD), which reflects the tissue microstructure.
TRActs Constrained by UnderLying Anatomy (TRACULA) is an automated probabilistic reconstruction of a set of major white matter pathways from diffusion-weighted MR images. It utilizes prior information on the anatomy of the pathways from a set of training subjects (1) and provides information on the specific tract involved in a disease and the type of damage. The robustness of TRACULA has been validated in prior studies, which have shown meaningful results (1, [9] [10] [11] [12] [13] [14] [15] .
Cognitive impairment is an important extrapulmonary manifestation in COPD patients (16, 17) . However, it has not been fully determined whether structural brain changes are associated with cognitive dysfunction in COPD patients. Some studies using neuroimaging have found that adults with severe COPD may develop alterations in brain perfusion as a result of hypoxemia, and this change has been hypothesized to affect cognitive performance and cause cognitive impairment (18) . The hippocampus plays a critical role in cognitive function (19) and it is particularly vulnerable to hypoxemia (20) . A pattern of cognitive dysfunction specific to COPD may exist (17) . Therefore, the question arises as to whether detectable changes in the volume of the hippocampus occur in COPD patients.
The purpose of this study was to investigate alterations in the microstructural integrity of the white matter and the volume of the hippocampus in stable nonhypoxemic COPD patients compared to those in age-and gender-matched control subjects. We hypothesized that TRACULA would detect altered white matter integrity in COPD patients versus control subjects, and the alteration of white matter integrity would be associated with structural changes in the hippocampus.
MATERIALS AND METHODS

Participants
This prospective study was approved by our institution's research Ethics Board, and written informed consent was obtained from all patients. Stable nonhypoxemic male COPD patients between 50 to 80 years of age who had not experienced any exacer- = 1000 s/mm 2 ). At the time of MRI acquisition, two experts performed visual scans to determine whether participants had gross brain abnormalities and to evaluate the adequacy of the data for fiber reconstruction.
Imaging Processing
Eighteen major fiber bundles were constructed by TRACU-LA, which is part of the FreeSurfer module (1, 21). TRACULA is a method for automatic reconstruction of a set of major white matter pathways from diffusion-weighted MRIs. It uses global probabilistic tractography with prior anatomical information from a set of 18 manually labeled tracts (1).
The acquired 32-direction DTI data were preprocessed to correct for head motion and distortions induced by eddy current by aligning the diffusion-weighted images to non-diffusion-weighted b = 0 images. The b = 0 images were registered to the same subject's T1-weighted images using a registration method that seeks to maximize the intensity contrast of the b = 0 image across the cortical gray/white boundary (22) . Each subject's own T1weighted image was registered to the 1 mm-resolution MNI-152 atlas (23) by applying affine registration (24) . Using 
Statistical Analyses
Statistical analyses were performed using SAS ver. 9.4 (SAS Institute Inc., Cary, NC, USA). A non-parametric Mann-Whitney U-test was used to analyze age, K-MMSE scores, ICV, and normalized hippocampal volume. Diffusion parameters (FA, AD, MD, and RD) were extracted for each of the reconstructed pathways. A group difference in the diffusion parameters was found using ranked ANCOVA.
We analyzed the partial correlation between normalized hippocampal volume and DTI parameters of white matter bundles with age and ICV as covariates using the Spearman partial correlation. Correlations between K-MMSE scores and diffusion parameters were also analyzed.
RESULTS
Demographic data are summarized in Table 1 . No significant differences were found in age, ICV, and normalized hippocampal volume between the controls and COPD patients. COPD patients did not exhibit significant hypoxemia (SpO2 = 96 ± 1.88%). K-MMSE scores were significantly lower in the COPD group (p = 0.010). The 18 reconstructed tracts used in the data set are shown in Fig. 1 .
Significant group differences in DTI parameters were identified using ranked ANCOVA for the FMAJ (FA: p = 0.012, RD: p = 0.013), FMIN (MD: p = 0.047, RD: p = 0.047), left ILF (FA: p = 0.023, AD: p = 0.047), right ILF (FA: p = 0.008, RD: p = 0.018), left SLFP (FA: p = 0.047, MD: p = 0.005, RD: p = 0.035), right SLFP (AD: p = 0.038), left SLFT (MD: p = 0.035), left UF (AD: p = 0.007), right UF (FA: p = 0.023, RD: p = 0.042), left CAB (MD: p = 0.007, AD: p = 0.011, RD: p = 0.035), and right CAB (MD: p = 0.017, RD: p = 0.005), as shown in Table 2 . Table 3 shows the association between diffusion parameters and normalized hippocampus volume and the association be- tion was demonstrated between the normalized hippocampus volume and DTI parameters among the participants. Significant associations between K-MMSE scores and diffusivities were found for several tracts, including the left SLFP (MD: p = 0.001, RD: p = 0.048), left SLFT (AD: p = 0.006), right SLFT (AD: p = 0.032), and left CCG (AD: p = 0.014). Of note, the MD and RD of the left SLFP showed a significant negative correlation with the K-MMSE score (MD: r = -0.623, p = 0.001; RD: r = -0.408, p = 0.048).
DISCUSSION
COPD is a leading cause of morbidity and mortality and it has been recognized as a multi-component disease. Cognitive impairment is a significant extrapulmonary manifestation that is associated with increased mortality and disability in COPD patients (16, 17) . A major mechanism proposed for cognitive decline in COPD patients is the neuronal damage mediated through hypoxia (17) . However, the mechanism of cognitive dysfunction is unclear (17) .
Diffuse white matter changes in COPD patients have been noted in conventional MR images. Recent advances in neuroimaging technology allow for a finer description of structural brain changes. DTI plays a critical role in the study of diseases that affect the brain, which allows prediction of the integrity of white matter tracts (4) . TRACULA is an automated probabilistic reconstruction of a set of major white matter pathways from diffusion-weighted MR images. This technique provides information on the specific tract involved in a disease and the type of damage (1). This study is one of the first studies to investigate .089 *Significant at p < 0.05. AD = axial diffusivity, COPD = chronic obstructive pulmonary disease, DTI = diffusion tensor imaging, FA = fractional anisotropy, MD = mean diffusivity, RD = radial diffusivity Our study demonstrated an increased number of white matter lesions with altered diffusivity in COPD patients, including the FMAJ, the FMIN, both ILFs, both SLFPs, the left SLFT, both UFs, and both CABs. The K-MMSE scores in COPD patients were significantly lower than those in control participants. These results suggest that alterations of regional white matter integrity are related to cognitive function in COPD patients.
The K-MMSE scores of the participants showed a negative correlation in several white matter tracts, including the left SLFP, both SLFTs, and the left CCG. Of note, the MD and RD of the left SLFP showed a significant negative correlation (MD: r = -0.623, p = 0.001; RD: r = -0.408, p = 0.048) with the K-MMSE score. In addition, COPD patients showed increased MD and RD in the left SLFP relative to healthy controls (MD: p = 0.005, RD: p = 0.035).
Based on the subdivision of the SLF that has been suggested in the literature (32) , the SLFP corresponded most closely to the superior longitudinal fasciculus III (SLF III) (1). The SLF III is located in the opercular white matter of the parietal and frontal lobes, extending from the rostral inferior parietal lobule to the ventral part of the premotor and prefrontal cortex. The SLF III links frontal area 44 (the pars opercularis) and the supramarginal gyrus (area 40), which are involved in the articulatory component of language. The connection between the inferior parietal lobule and ventral prefrontal area 46 via this fiber tract has been shown to play a role in working memory (32) . The altered diffusivities of the SLFP during COPD may be associated with cognitive changes in COPD patients.
The hippocampus plays a significant role in cognitive function, and a prior study showed that hippocampal atrophy leads to cognitive impairment in COPD patients (5) . Structural changes in the hippocampus and altered white matter integrity may cause cognitive dysfunction in COPD patients. Therefore, informative visualization of the relationship between changes in hippocampal volume and white matter integrity is important. In our study, no significant correlation was found between hippocampal volume and diffusion parameters of the white matter tracts, and no volume difference was observed between the control and COPD groups, which is inconsistent with the findings of a previous study (5) . Li and Fei (5) proposed that hippocampal atrophy leads to cognitive impairment in COPD, and the degree of atro-phy is proportional to arterial oxygen saturation. In this study, we enrolled COPD patients who did not have hypoxemia and had not experienced an acute exacerbation. It is possible that we did not demonstrate the relationship between hippocampal volume changes and COPD in this study. Therefore, further studies with large cohorts should be performed.
The limitations of the study include the small number of patients and the lack of a full assessment of the effect of aging.
However, we compared COPD patients with age-matched control individuals. DTI parameters are highly sensitive to motion artifacts, which can be caused by the patient' s respiration. To minimize this problem, we recruited only stable nonhypoxemic patients without cardiovascular comorbidities. We also performed visual inspection at the time of MRI acquisition and head motion correction at the time of post-processing.
Interpretation of diffusion parameters is exceedingly complicated, and the specific biological concepts of diffusion metrics are still poorly understood. Although increased MD has been indicated in previous studies as a potential indicator of edema, elevated RD is suggestive of axonal damage or demyelination, and changes in FA describe the degree of directional diffusion organization (33), the manner in which different diffusion metrics are related to one another and define a disease remains to be investigated. Therefore, the precise mechanism by which FA, AD, RD, and MD contribute to characterizing COPD remains to be investigated.
In conclusion, COPD is a systemic disease, and the brain is 
